In this present work, we studied the effects of preparation methods and Ni/Pd ratios on the catalytic activity of a Ni-promoted Pd/C catalyst for the formic acid dehydrogenation (FAD) reaction. Two catalysts prepared by co-impregnation and sequential impregnation methods showed completely different Pd states and catalytic activities. As the sequentially impregnated catalyst showed better activity than the coimpregnated catalyst, the sequentially impregnated catalyst was investigated further to optimize the ratio of Ni/Pd. The highest catalytic activity for the FAD reaction was obtained over the seq-impregnated catalyst having a 1 : 1.3 molar ratio of Pd : Ni. The results of X-ray diffraction (XRD) and transmission electron microscopy (TEM) showed that small particle size is one factor improving the catalytic activity, while those of X-ray photoelectron spectroscopy (XPS) and X-ray adsorption near edge structure (XANES) indicate that the electronic modification of Pd to a positively charged ion is another factor.
Introduction
Fossil fuel, which currently provides the largest source of energy, will not only be depleted in the near future but also causes lots of environmental problems.
1,2 Thus, one of the ultimate goals that should be achieved is to nd a sustainable energy source having no detrimental effect on the environment. In this respect, hydrogen is considered to be a future energy carrier due to its reusability, high energy density and ecofriendly properties.
3 Although the uses of hydrogen have been widely known in various elds, there are storage problems arising from its ammability and difficulty in conveyance. [4] [5] [6] Many researchers have investigated methods to store and transport hydrogen resource safely. [7] [8] [9] One possible solution is to use hydrogen-containing material to carry hydrogen. Formic acid (FA) has received attention as a hydrogen source, since FA can be decomposed into H 2 and CO 2 at mild temperature. Furthermore, as FA is a non-toxic and free-carbon-stacking liquid material, the problems originating from hydrogen can be solved without any side effects by adopting FA as a hydrogen storage media.
10,11
In order to decompose FA into H 2 and CO 2 under ambient condition, the catalyst should be utilized during the reaction. Pd has been known as the most active metal for aqueous formic acid dehydrogenation (FAD) reaction. 12, 13 However, Pd/C is inadequate catalyst for commercial application, because it has insufficient activity and even generates carbon monoxide (CO) via dehydration of FA which can poison catalysts in fuel cell.
14-16
Therefore, it is inevitable to develop a new catalyst which has enhanced activity and high H 2 selectivity. Previous researches have tried to improve the catalytic activity, selectivity and reusability of Pd-based catalyst by modifying supports, adding various promoters or optimizing reactant with sodium formate. 14, 15, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Herein, in a way to improve the FAD catalytic activity, we applied two preparation methods to synthesize bimetallic catalysts; co-impregnation and sequential impregnation (i.e. seq-impregnation) methods which are simply depicted in Fig. 1 . The former is to impregnate Pd and promoting metal on carbon simultaneously. The latter is to impregnate the promoting metal on carbon rst, followed by impregnating Pd on metal/C. Since some transition metals can be easily oxidized to metal oxide even under mild oxidative condition such as drying condition in synthetic process, the interaction between the metal and Pd of co-impregnated catalyst was expected to be totally different from that between the metal oxide and Pd of seq-impregnated catalyst if metal oxide is formed before impregnation of Pd. The catalysts prepared by coimpregnation and seq-impregnation methods are designated as Pd 1 M x /C (co) and Pd 1 /M x /C (seq), respectively, both of which are composed of x molar ratio of metal/Pd based on ICP-AES result. The content of Pd is xed at almost same value ($9 wt%) in all catalysts.
Several bimetallic Pd-M/C (M ¼ Fe, Co, Ni, Cu, Zn and Ag) catalysts were prepared by applying two different methods to screen proper promoter. The result showed that Co, Ni, and Ag have promoting effect. Among them, Pd 1 /NiO 0.9 /C (seq) has the highest activity (Fig. S1 †) . It is also worth to note that the promoting effect is generally higher over the seq-impregnated catalyst than the co-impregnated catalyst. Although the promoting effects of Co, Ni and Ag have already been reported, to the best of our knowledge, no attempt has been made to prepare FAD catalyst by seq-impregnation method.
21,27,28
Although none of monometallic catalyst except Pd shows any catalytic activity for FAD reaction (Fig. S1 †) , De et al. variously showed the role of Ni in inducing the modication of surface properties of bimetallic catalysts. 29 Thus, the role of Ni in FAD reaction is considered to promote Pd to be more active rather than having catalytic activity by itself. The present work aimed at investigating the characteristics of various Nipromoted Pd/C catalysts to identify the reasons for the enhanced activity by focusing especially on the changes of Pd state induced by Ni. Understanding the correlation between the activity and the state of Pd provided us with the information about the active Pd for FAD reaction, which can suggest a concrete direction to develop more advanced Pd-based FAD catalyst.
Experimental section

Catalysts preparation
All the catalysts were prepared by applying the chemical reduction method using NaBH 4 as a reductant. The preparation processes are simply depicted as diagram in Fig. 1 .
Both target amounts of Pd(NO 3 ) 2 $2H 2 O (Sigma Aldrich) and metal precursors (Sigma Aldrich or Alfa Aesar) were dissolved together in the 40 mL distilled water with Vulcan XC72 (Cabot Co.). The solution was stirred for 2 h at high speed and subsequently sonicated for 1 h to disperse whole materials uniformly. Then, as-prepared NaBH 4 solution (10 times of moles of metal precursors) in the 45 mL distilled water was introduced to the solution dropwise for 45 min (1 mL min À1 ) to reduce the metal precursors to the metals under vigorous stirring. Aer adding NaBH 4 solution, stirring process was carried out for 2 h. Thereaer, the catalyst was ltered and washed by the distilled water several times to get rid of residual ions of the precursors. Finally, the catalyst was dried at 100 C in air overnight.
Preparation of seq-impregnated catalysts (
The process of preparing the seq-impregnated catalyst is quite similar with that of the co-impregnated catalyst. However, for the rst step, the only target amount of metal precursor was dissolved in the 40 mL distilled water with Vulcan XC72. Aer the stirring and sonication processes to mix the solution, NaBH 4 solution was added. With the additional stirring period for reduction, the sample was ltered and dried at 100 C in air overnight. In second step, aer M x /C was obtained, calculated amount of Pd(NO 3 ) 2 $2H 2 O was dissolved in the 40 mL distilled water with dried M x /C. Once again the same processes (i.e. stirring, sonication, Pd 2+ reduction by NaBH 4 , ltration and drying) were carried out.
Preparation of monometallic catalysts (Pd/C, M/C)
The same synthetic process was performed to prepare Pd/C and M/C samples. In short, each metal precursor and Vulcan XC72 was dissolved in the distilled water. Aer the stirring and sonication processes for mixing the solution, NaBH 4 solution was added. With the additional stirring period, the catalyst was ltered and dried at 100 C in air overnight.
Catalysts characterization
Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was performed to determine the content of metals (i.e. Pd and Ni) in the catalysts by the ICPS-7500 (SHIMADZU). Before ICP-AES analysis, all the catalysts were pretreated in the mixture solution of HCl : HNO 3 (3 : 1 volumetric ratio) for 3 h at 95 C.
Then, aer Vulcan XC72 in the solution was ltered by syringe lter, the solution was analyzed. X-ray diffraction (XRD) patterns were taken by using X-ray diffractometer (Rigaku) with Cu Ka radiation of X-ray current at 30 mA and generating voltage at 40 kV. The measurement regions were from 10 to 90 with scan speed of 1.0 degree per min and scanning step size of 0.2 for high resolution. The particles in the catalysts were examined by transmission electron microscope (TEM) images, which were captured by JEM-2100F Transmission electron microscope (TEM, JEOL., Japan) with accelerating voltage of 200 kV. To identify the chemical state of Pd, X-ray photoelectron spectroscopy (XPS) was applied in the region of Pd 3d and Ni 2p with an Al Ka m-focused monochromatic source (1486.6 eV) in Kalpha (Thermo Scientic Inc., U.K). All represented values of the binding energies in the paper are calibrated by adjusting binding energy of C 1s at 284.5 eV. The cryogenic H 2 -temperature programmed reduction (cryo H 2 -TPR) was conducted with a BEL-CAT-II (BEL Japan Inc.) with a thermal conductivity detector (TCD). Before analysis, 0.05 g of samples were pretreated in a ow of N 2 at 120 C for 2 h to eliminate water and other contaminants inside the sample. Subsequently, the samples were exposed to 5 vol% H 2 /Ar and heated from À90 to 800 C with the ramping rate of 10 C min À1 . The Pd and Ni Kedge X-ray absorption spectroscopy (XAS) was performed at Pohang Accelerator Laboratory (7D-XAFS beamline in PLS-II) using Si (111) crystal as monochromator with the 2.5 GeV beam energy and 360 mA ring current. Energy calibration was carried out with Pd and Ni foils (24 350 eV and 8333 eV, respectively). Ionization chamber for incident and transmitted beam were purged with 1 atm of He and N 2 , respectively. The step and duration time for X-ray absorption near edge structure (XANES) were 1 eV and 2 s, and 0.4 eV and 2 s for Pd and Ni, respectively.
Results and discussion
The catalytic activities for FAD reaction were measured with 10 mL formic acid (1 M) at 60 C over differently prepared Nipromoted Pd/C catalysts. Pd 1 /NiO x /C (seq) catalysts with different Ni/Pd molar ratios (x ¼ 0.9, 1.3, 1.6 and 3.1) were tested to optimize the ratio of Ni/Pd. Furthermore, Pd 1 NiO 1.3 /C (co) and Pd 1 /NiO 1.3 /C (seq) were compared to investigate the effect of impregnation methods. Fig. 2 (a) displays the volumes of generated gas during FAD reaction over the catalysts as a function of reaction time. The larger volumes of generated gas over the seq-impregnated Pd 1 /NiO x /C catalysts than that over Pd/C show remarkable promoting effect of pre-impregnated Ni on Pd based catalyst for FAD reaction. Interestingly, contrary to the high activity of Pd 1 /NiO 1.3 /C (seq), when the co-impregnated catalyst was prepared with the same Ni/Pd ratio, the activity of Pd 1 NiO 1.3 /C (co) is almost same as that of Pd/C. Then, the initial activities of the catalysts are plotted as a function of the Ni/Pd molar ratio (x) in Fig. 2(b) . The initial activities were calculated in the time range from 3 to 4 min to ensure the stabilization of reaction such as temperature equilibrium between water bath and FA solution. The volcanic plot veries the signicant dependence of catalytic activity on Ni/Pd ratio. In addition, it should be mentioned that the highest activity is obtained over Pd 1 /NiO 1.3 /C (seq) without generating any CO gas, which means that there is no dehydration reaction of formic acid (Fig. S2 †) . X-ray diffraction analysis (XRD) was carried out to investigate phases of the catalysts. All catalysts exhibit the characteristic peaks arising from metallic Pd at around 40 respectively. Depending on Ni/Pd molar ratio (x) of seqimpregnated catalysts, the broadness of the Pd (111) peak becomes narrower when the ratio is larger or smaller than 1.3, indicating that the crystallite size of Pd is volcanically minimized at x ¼ 1.3. Such trend of Pd crystallite size is consistent with that of average particle sizes obtained from transmission electron microscope (TEM) images represented in Fig. 3 and Table 1 . It also demonstrates that the average particle sizes of seq-impregnated catalysts show the volcanic trend with the smallest particle size when the molar ratio of Ni/Pd is in the range from 1.3 to 1.6. Moreover, EDS mapping images of Pd 1 / NiO 1.3 /C (seq) and Pd 1 NiO 1.3 /C (co) in Fig. 3(g ) and (h) shows that Pd and Ni are well-dispersed in a particle in both cases and that their geometric structures are not much different. Although the TEM analysis cannot clearly differentiate Pd and Ni in a particle as shown in EDS mapping images, because the trend of Pd crystallite size shown in XRD pattern is matched well with that of the particle size obtained from TEM, the catalyst with the smaller particle might have the smaller Pd crystallite. According to the results, even though Pd 1 NiO 1.3 /C (co) has comparably larger particle size than all seq-impregnated catalysts, it has still smaller particle size than Pd/C. It indicates that the presence of Ni in co-impregnated catalyst restrains the growth of Pd nanoparticles as reported in previous research, which showed the higher catalytic activity over the catalyst with smaller particle size. 21 More meaningfully, it is identied that the preimpregnated Ni in seq-impregnated catalyst plays more effective role in constraining the growth of Pd nanoparticles than coimpregnated Ni, resulting in considerably smaller particle sizes of seq-impregnated catalysts even compared to co-impregnated catalyst. Correlating the particle size with the catalytic activity, the catalyst with smaller particle size showed the higher FAD reaction rate. Therefore, such inhibiting effect of preimpregnated Ni on particle growth is one of important roles to improve the FAD activity. Zhou and Lee demonstrated the different adsorption and desorption behaviors of intermediates on Pd depending on the particle size of Pd/C catalyst during FA oxidation reaction. 30 Considering the lots of similarities between FA oxidation and FAD reaction, the particle size Pd is also expected to inuence the adsorption and desorption behaviors of intermediates during the FAD reaction. Moreover, in addition to the previous researches briey announcing the particle size effect, 14,21,31 the concrete effect of the Pd particle size on the activity was recently identied by Li et al., NavlaniGarcía et al. and Zhang et al. [32] [33] [34] By adopting cuboctahedronshape model, they concluded that the enhanced interaction between positive Pd and negative charged intermediates (e.g. formate ion) due to the large portion of edge Pd in small particle size. Therefore, it is concluded that the small size of Pd induced by pre-impregnated Ni is one important factor to enhance the FAD catalytic activity.
The electronic states of metals in the catalysts were investigated by using X-ray photoelectron spectroscopy (XPS). Since Ni has no activity by itself for FAD reaction (Fig. S1 †) and there is no big difference in Ni phase between the Ni-containing catalysts (Fig. S4 †) , only the results of Pd are focused. The Pd 3d spectra in various catalysts are represented in Fig. 4 , and the peak values of Pd 3d 5/2 are listed in Table 1 . It is well known that the binding energy of metal can be shied to the lower or higher values by electron donation from or to neighboring atom, respectively. In case of the co-impregnated catalyst, Pd 1 NiO 1.3 /C (co) has considerably lower binding energy of Pd 3d (335.80 eV) than Pd/C (336.13 eV), which is in agreement with the previous observations. [35] [36] [37] The shi of Pd 3d binding energy to the lower adjacent Ni atom to Pd according to the d-band theory. 38 In contrast, all the seq-impregnated catalysts have higher Pd 3d binding energy than Pd/C. It indicates that Pd atoms of seqimpregnated catalysts interact with neighboring atoms such as oxygen which can withdraw electron from Pd. Such different electron transfers between Pd and neighboring atom originate from the different synthetic processes. Considering the synthetic process of the co-impregnated catalyst, Pd 2+ The XPS result can also explain the similar activity of Pd 1 NiO 1.3 /C (co) to Pd/C despite its smaller particle size than Pd/C. Because more negative Pd in Pd 1 NiO 1.3 /C (co) than Pd/C cannot interact well with negative charged intermediates, it counteracts the promoting effect of small particle size of Pd 1 NiO 1.3 /C (co). Finally, as changes in electronic state of Pd vary the adsorption and desorption of intermediates, another reason for the enhanced activity of seqimpregnated catalysts is the electronic modication of Pd to be positive induced by the pre-impregnated Ni in addition to particle size effect.
The states of metals in Pd-NiO/C catalysts were analyzed by X-ray absorption near edge structure (XANES). The state of Pd in the samples varies as a function of impregnation method and Ni/Pd molar ratio as shown in Fig. 5 . In detail, while the Pd state of Pd/C and Pd 1 NiO 1.3 /C (co) are similar to Pd metal, that of Pd 1 / NiO 1.3 /C (seq) is more close to PdO or Pd(OH) 2 reference than Pd metal. Furthermore, when molar ratio of Ni/Pd is larger or smaller than 1.3, the state of Pd becomes more metallic. The correlation between catalytic activity and the state of Pd clearly indicates that the catalyst having more oxidized Pd shows the higher catalytic activity. However, it should be recognized that such oxidized Pd in the catalysts cannot represent the phase of Pd during FAD reaction, since oxidized Pd is rapidly reduced to metallic Pd by a signicant amount of H 2 produced from the FAD reaction at 60 C in aqueous phase. The oxidation of Pd might occur during the drying process which was performed under air at the highest temperature (100 C). Even though the temperature and time of oxidation condition can affect the extent of Pd oxidation, all the catalysts underwent the same synthetic process and were stabilized sufficiently in air at 100 C. Therefore, the extent of oxidation is only determined by the property of Pd, which are affected by particle size and electronic property. The quantitative analysis between the catalytic activity and the state of Pd is available with proles of H 2 -TPR in Fig. 6 . The consumptions of H 2 at around 320 C and 540 C, which become larger as the Ni content increases, are assigned to the reduction of Ni oxide and hydrogenation of carbon to produce CH 4 , respectively. 40, 41 On the other hand, the a peak originates from H 2 consumption to reduce either PdO or Pd(OH) 2 , and then to form Pd hydride (i.e. PdH x ). The b peak arises from H 2 evolution due to the thermal decomposition of PdH x . 42, 43 Since PdO can reversibly transform to Pd(OH) 2 in the presence of water and, moreover, their characteristic peaks in H 2 -TPR are hardly differentiated similar to their XANES spectra (Fig. S5 †) , quantitative index representing synergetic effect of particle size and electronic property which determine the catalytic activity. The Pd 1 /NiO 1.3 /C (seq) catalyst was reused aer the reaction, which was shown in Fig. 8(a) . It was found that the reduced catalytic activity originated from loss of Ni metal aer the reaction. Since the ionization tendency of Ni is larger than proton (H + ), the content of Ni in the catalyst decreased from 6.2 wt% to 0.5 wt% (ICP-AES) aer the reaction while Pd almost 6 Cryogenic H 2 -TPR spectra of the various Pd-Ni catalysts obtained after drying. Fig. 7 The correlation between Pd 2+ species/Pd total (mol%) and the TOF (mol gas mol Pd À1 h À1 ) of the catalysts at early 1 min after stabilization (from 3 to 4 min) during the reaction of 10 mL formic acid (1 M) at 60 C.
maintains its initial content at 8.9 wt%. In addition, some Pd particles were agglomerated and the average particle size was increased as shown in Fig. 8(b) and (c), resulting in the decrease of catalytic activity. It is possibly attributed to the reductive condition and the relatively high reaction temperature. Importantly, the content of Pd 2+ species of recycled catalyst is right above the trend line in Fig. 7 (Fig. S7 †) . Thus, it supports our proposal that content of Pd 2+ can be used as quantitative index.
Conclusions
In summary, current study allowed us to achieve the enhanced FAD activity of Pd-NiO/C catalyst, twice higher than that of Pd/ C, by just applying the sequential impregnation method with the optimum molar ratio of Ni/Pd (x ¼ 1.3). Despite limitation of commercial usage of Ni-promoted Pd/C catalyst due to the durability, the signicance of our research lies in the investigation of the effect of sequential impregnation method on catalytic activity of FAD catalyst for the rst time. It is noteworthy result that the property of Pd is largely dependent on the order of impregnation and the ratio of Ni/Pd. More importantly, these variables determine both the particle size and the electronic variation of Pd which are identied to play critical role in FAD reaction, because the smaller and more positive Pd species can facilitate the adsorption and desorption of intermediates during FAD reaction. As this study shows synergetic effects of particle size and electronic modication, it is expected to help developing advanced Pd-based catalyst via concrete direction which is to make smaller and more positive charged Pd by adopting proper promoter/support or preparation method.
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